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Manipulating photonic quantum states with long-range interactions
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We present a scheme for coherently manipulating quantum states of photons by incorporat-
ing multiple photonic modes in a system with long-range interactions. The presence of nonlocal
photon-photon interactions destroys the energy or momentum matching conditions between distinct
propagating polaritons, and consequently gives rise to blockaded effective coupling between the cor-
responding polaritons. Such a blockade mechanism protects the system from interaction-induced
dissipations and enables highly tunable few-photon nonlinearities. Taking Rydberg atomic ensem-
ble as an example, we illustrate several intriguing phenomena based on the proposed scheme, e.g.,
the deterministic generation of entangled photon pairs, the nonlinear beam splitting, as well as the
establishment of a tunable dressed interaction between individual photons.
I. INTRODUCTION
Strong interactions between light quanta or photons
can provide effective control of their quantum states [1].
Significant progresses have been made towards realiz-
ing strong photonic nonlinearities [1–3], which cultivated
the development of research fields ranging from quantum
information processing [4–6] to simulating many-body
physics [7–10]. One feasible realization employs strong
coupling between highly localized single photons and a
single quantum emitter to generate local Kerr nonlinear-
ity [11–14]. Alternatively, effective long-range interac-
tions can be realized by coupling propagating photons to
atomic vapor ensembles [2, 3] or atomic arrays in waveg-
uide QED systems [15, 16].
A widely discussed scheme for strong and nonlocal op-
tical nonlinearity is based on electromagnetically induced
transparency (EIT) inside a medium of Rydberg atoms
[17–22]. The nonlinearity in this system arises from EIT
blockade where a multi-photon input destroys the EIT
condition [17], and gives rise to a variety of desirable
features [19–24]. Most of the earlier studies involve one
type of photonic mode, inevitably limiting the scopes and
capabilities of photonic information processing. In addi-
tion, unavoidable dissipation associated with EIT block-
ade can cause spatial decoherence to the lone phontic
mode, which erects a performance bottleneck for several
key applications [25, 26].
We show in this work that by incorporating additional
photonic modes and long-range photon-photon interac-
tions, flexible and coherent manipulation of photonic
quantum states can be carried out with high fidelities.
In contrast to the pioneering proposal of Ref. [27] based
on interaction caused polariton mode conversion, our
scheme makes use of mode conversion blockade from in-
teraction caused mismatches. Photonic polaritons satis-
fying energy and momentum matching conditions can ef-
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fectively couple to one another during propagation [28].
The presence of strong and long-range photonic inter-
actions destroys the matching conditions, and conse-
quently causes multi-excitations of the nonlinear modes
to be blockaded. The subsequent evolution thus restricts
the system to an interaction-free subspace, immune to
interaction-induced dissipations. Such a blockade mech-
anism enables the flexible control of few-photon nonlin-
earities, and facilitates a variety of quantum information
protocols, as discussed below.
II. A GENERIC MODEL
In this section, we build up a generic model to describe
the basic blockade mechanism, which is not restricted to
specific realizations. To illustrate our idea, we first con-
sider two counterpropagating photons, Appendix A de-
tails the case for copropagating. Four photonic polariton
fields are involved, of which the two forward (backward)
propagating ones are described by their slowly-varing op-
erators Ψˆa+(z) and Ψˆb+(z) [Ψˆa−(z) and Ψˆb−(z)], with µ±
(µ = a, b) denoting specific polariton modes. Modes a±
and b± are linearly coupled. Photons in modes a+ and a−
interact nonlocally, while photons in all other modes are
assumed noninteracting. The Hamiltonian of our model
takes the form Hˆ = Hˆ+0 + Hˆ
−
0 + Hˆ
+
c + Hˆ
−
c + Hˆint, where
Hˆ±0 =−
∑
µ=a,b
±iv±
∫
dzΨˆ†µ±(z)∂zΨˆµ±(z), (1)
Hˆ±c =
∫
dzg±Ψˆ†a±(z)Ψˆb±(z)e
i∆k±z +H.c., (2)
Hˆint =
∫
dzdz′V(r)Ψˆ†a+(z)Ψˆ†a−(z′)Ψˆa−(z′)Ψˆa+(z), (3)
denote the equivalent photon kinetic energy with group
velocity v±, the beam-splitting coupling with strength g±
and detuning ∆k±, and the nonlocal two-body interac-
tion via potential V(r) with r = z − z′, respectively.
The evolution of the two-photon quantum state
|ψ(t)〉 is described by the two-photon wavefunction
2Ψµ+ν−(z1, z2, t) = 〈0|Ψˆµ+(z1)Ψˆν−(z2)|ψ(t)〉. Defining
center-of-mass and relative coordinates R = (v−z1 +
v+z2)/(v+ + v−) and ρ = z1 − (v−/v+)z2, and moving
into the retarded time frame with τ = t − ρ/veff , ξ = t,
and veff = (v
2
+ + v
2
−)/v+, one obtains i∂ξψ = Hψ, where
ψ =
(
Ψ˜a+a− , Ψ˜a+b− , Ψ˜b+a− , Ψ˜b+b−
)T
(4)
is the two-photon wavefunction in the rotating frame,
and the effective Hamiltonian becomes
H =


v+∆k+ − v−∆k− + V g− g+ 0
g− v+∆k+ 0 g+
g+ 0 −v−∆k− g−
0 g+ g− 0

 .
(5)
The potential V(r) is in general a function of both τ and
ξ. However, if the long-range interaction is strong enough
to meet the condition |V| ≫ g±, v±|∆k±| for all r within
the range of the wavefunction, the conversion of Ψ˜a+b−
and Ψ˜b+a− to Ψ˜a+a− will both be blockaded due to the
large energy detuning (or momentum mismatch), irre-
spective of the exact value or form of V . This coupling
blockade for propagating photons arises with long-range
interaction, which forbids multi-excitations of the nonlo-
cal nonlinear mode, with its desirable features reminis-
cent of the widely discussed Rydberg blockade [29–31].
III. BLOCKADE MECHANISM IN RYDBERG
EIT SYSTEMS
Various approaches for realizing strong nonlocal in-
teraction between individual photons are discussed [15–
17]. In this study, we adopt the Rydberg EIT imple-
mentation [17] with mode a± the dark state polariton
(DSP) Ψˆa±(z) = cos θEˆa±(z) − sin θSˆa±(z), a superposi-
tion of electromagnetic field Eˆa±(z) and Rydberg spin-
wave field Sˆa±(z), with tan θ = gp/Ω, gp the collec-
tive atom-photon coupling strength, and Ω the Rabi fre-
quency of the control field [32]. The van der Waals in-
teraction V (r) = C6/r
6 between the Rydberg spin-wave
components Sˆa±(z) can induce strong and long-range in-
teractions between DSP modes a+ and a− [2].
We present two practical implementations for con-
structing the linear coupling Hamiltonian. (i) In the pho-
tonic coupling scheme shown in Figs. 1(a) and 1(b), we
take Ψˆb±(z) = Eˆb±(z) to be an electromagnetic field of
a linear slow-light mode and Ψˆa±(z) to be a nonlinear
DSP that for example can be produced in a hollow-core
waveguide filled with Rydberg atoms [33–37]. The beam-
splitting coupling g± sec θEˆ†a±(z)Eˆb±(z)+H.c. can be ob-
tained from overlapping their evanescent fields. (ii) For
the atomic coupling scheme shown in Figs. 1(c) and 1(d),
Ψˆb±(z) represents a linear DSP composed of σ+ photonic
field Eˆ±(z) and ground state spin wave field Sˆb±(z), and
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FIG. 1. (a) A schematic for the coupling blockade for counter-
propagating photons in a waveguide-like system. (b) Rydberg
EIT level diagram, in which the ground state |g〉, the excited
state |e〉 (linewidth 2γ), and the Rydberg state |r〉 are cou-
pled respectively by a quantum probe field Eˆ and a classical
control field Ω, with a two-photon detuning δ. (c) Spin-flip
blockade of the propagating photons and (d) the associated
atomic level structure.
Ψˆa±(z) denotes a nonlinear DSP as a superposition of σ−
photonic field Eˆ	±(z) and Rydberg spin wave Sˆa±(z).
The linear coupling g± csc2 θSˆ†a±(z)Sˆb±(z) + H.c. can be
controlled by the external field Ωc. In the slow-light
regime, influences of coupling to bright state polaritons
(BSPs) in the above two schemes are negligible. For sim-
plicity, we assume that mode a± and b± propagate with
matched group velocities, while a small mismatch does
not significantly influence the coupling between them for
short operation time (see Appendix D).
In the conventional EIT blockade [17], a dispersive
photonic interaction can be established by using a large
single-photon detuning ∆, which, however, results in a
large group velocity dispersion and can limit the perfor-
mance of related applications [38]. For this reason, we
take ∆ = 0 in this work, where the induced interaction
between nonlinear DSPs is highly dissipative. With the
proposed blockade mechanism, we can transform such a
dissipative interaction into a dispersive one, and achieve
coherent manipulations of photonic quantum state.
To clarify the blockade mechanism, we take the back-
ward photon to be a stored gate photon (g−, v− = 0). In
the Rydberg EIT implementation, this can be achieved
by taking Ψˆa−(z) = Sˆ−(z) to be a stored spin wave of an
auxiliary Rydberg state. The parameters for the forward
target photon are g+ = g, v+ = v, and ∆k+ = 0.
For photonic coupling scheme, the spatial modula-
tion of g is considered, i.e., g = g(z). The corre-
sponding dynamics can be described by the two-photon
wavefunction EaS = 〈0|Eˆa+(z1)Sˆ−(z2)|ψ(t)〉 and EbS =
〈0|Eˆb+(z1)Sˆ−(z2)|ψ(t)〉, which in the frequency domain,
to the lowest order of frequency ω, are governed by
−i∂z1
(
EaS
EbS
)
=
(V0 + ω(1 + V1)/v g sec θ/c
g sec θ/v ω/v
)(
EaS
EbS
)
,
(6)
3with V0 = ig2p/γc(1−iΩ2/γV ), V1 = g2pV [(1+γ2/Ω2)V −
2iγ] cos2 θ/(Ω2 + iγV )2, and v = c cos2 θ. In the absence
of interaction (V = 0), the coupling between EaS and
EbS is momentum-matched. With the interaction V 6=
0, the strong dissipative interaction V0 ≈ ig2p/γc inside
the EIT blockade radius zb [V (zb) = Ω
2/γ] destroys this
matching condition, and the conversion of EbS to EaS is
blockaded if g2p/γc ≫ g/v. As a result of the blockade,
the state evolution is restricted to the interaction-free
subspace EbS, endowed with a small decay coefficient
g2γc/g2pv
2 and a slightly modified group velocity v/[1 +
g2(Ω2+ γ2)/(g2pΩ
2 cos2 θ)]. Thus, the strong interaction-
induced dissipations are suppressed.
For atomic coupling scheme, the temporal modulation
g = g(t) is chosen. In this case, we introduce two-photon
wavefunctions ΨµS, ΦµS, PµS to describe DSP, BSP,
and the excited state field of mode µ+ (µ = a, b). Given
a V , the dynamics can be described in the momentum-
space (transforming from z1 to k). Up to the first order
of k, the equations of motion are approximately given by
i∂t
(
ψˆ
ΨbS
)
=
(Vˆ(k) + kvˆ gˆ
gˆ† kc cos2 θ
)(
ψˆ
ΨbS
)
, (7)
where ψˆ = (ΨaS,ΦaS, PaS)
T , gˆ = (g,−g cot θ, 0)T ,
vˆ = diag(c cos2 θ, c sin2 θ, 0), and the effective potential
Vˆ(k) is a matrix of k (see Appendix B). For the noninter-
acting case, Eq. (7) describes an energy resonant coupling
between ΨbS and ΨaS. With a strong interaction V , the
dynamics of ψˆ governed by Vˆ(k) carry dissipative compo-
nent. However, if the energy detuning induced by Vˆ(k)
(∼ V sin2 θ) is much stronger than the coupling induced
by gˆ (∼ g), the coupling between ΨbS and the interact-
ing space ψˆ can be successfully blockaded, with the range
characterized by the coupling blockade radius rb defined
as V (rb) sin
2 θ = 2g (to be distinguished from zb). Inside
rb, the dynamics can be described in the ΨbS space with
hardly modified eigen energy and group velocity, where
interaction-induced dissipations are largely suppressed.
For spatial and temporal modulation of the coupling
considered above, blockade originates respectively from
the interaction caused momentum-mismatch and energy
off-resonance. We will focus on temporal modulation
with atomic coupling scheme in this study, since it sup-
ports richer applications (see Appendix C). In this case,
the coupling g is turned on when two photons are close to
each other, and is turned off before they completely sep-
arate. Thus, for photons with compressed pulse length
σ, an ideal blockade requires σ+ 12 (v++v−)t < rb (which
reduces to σ < rb for copropagating photons), as other-
wise photons separated by more than rb apart do not feel
the blockade. Since EIT displays a finite transparency
window, a smaller σ will cause a proportionally larger
linear loss. This leads to a tradeoff between ideal block-
ade and linear loss, which can be relaxed by increasing
the blockade optical depth db = g
2
pzb/γc of the system
(see Appendix D).
Although we focus on Rydberg EIT system, the ex-
tension to other photonic systems with long-range inter-
actions is straightforward, e.g., waveguide QED systems
[15, 16]. In fact, the specific forms of interactions depend
on implementations, but the generic form of Eq. (3) ap-
plies, as long as the coupling between the interaction-free
subspace and Ψa+,a− is blockaded (because the interact-
ing detail of Ψa+,a− becomes unimportant in this case).
Thus, we will use the generic model to illustrate the ba-
sic physics in the next section, while in numerical simula-
tions we consider the full dynamics governed by complete
Rydberg EIT coupled equations (see Appendix B).
The calculations are based on solving a set of coupled
one-dimensional partial differential equations for two-
particle wavefunctions. In the simulation, we assume a
uniform atomic density and a square pulse of the coupling
field Ωc(t) for simplicity. We also neglect the spontaneous
decay or dephasing of the Rydberg spin-wave field, since
the propagation time inside the atomic ensemble is small
enough (see Appendix D).
IV. APPLICATIONS
A. Single-photon quantum switch
As in the previous section, if we take the backward
photon to be a stored gate excitation, the equation of
motion described by the generic model now reduces to
i∂ξ
(
Ψa+a−
Ψb+a−
)
=
(V(r) g
g 0
)(
Ψa+a−
Ψb+a−
)
. (8)
In the absence of V , the forward photon undergoes com-
plete Rabi oscillation between mode a+ and b+. As
explained previously, if |V(r)| ≫ g is satisfied for all r
within the spread range of the photon, the coupling be-
tween b+ and a+ becomes blockaded everywhere. Such a
phenomenon can be used to implement a single-photon
optical switch. For a coupling duration t = pi/2g, the
target photon in mode b+ is transformed to mode a+
in the absence of the gate photon. This mode conver-
sion becomes blockaded if the gate photon is present.
As shown in Fig. 2(a), the switching fidelity becomes
higher when the blockade radius rb is sufficiently longer
compared with σ. Figure 2(b) displays a typical cal-
culated switching function for rb/σ = 3. At t = pi/g,
the system functions as a pi-phase gate, which gives
Ψb+a−(z1, z2, t) = e
ipiΨb+a−(z1 − vt, z2, 0) for V = 0, and
Ψb+a−(z1, z2, t) = Ψb+a−(z1 − vt, z2, 0) for |V(σ)| ≫ g.
B. Entangled state generation
To generate entanglement between two photonic
modes, we take a− and b− to be backward propagat-
ing modes of a+ and b+ with v± = v, ±∆k± = ∆k,
and g± = g. Introducing the symmetric wavefunction
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FIG. 2. (a) Evolution of the switching fidelity for differ-
ent pulse lengths. (b) Evolution of the target photon wave-
function in mode a+ (|Ψa+(z1)|2) and b+ (|Ψb+(z1)|2) with
σ = rb/3 and gt = pi/2, where the dashed line represents the
initial wavefunction in mode b+. (c) Evolution of fidelities Fs
and Fb+,b− . The circles denote numerical calculations and
the solid lines represent expected sinusoidal oscillation. (d)
Two-photon wavefunctions of the entangled state produced
(Fs = 97.26%) at
√
2gt = pi/2 with σ = rb/3. The simu-
lation is carried out for Ω/2pi = 5 MHz, gp/2pi = 20 GHz,
γ/2pi = 3 MHz, zb = 13.8µm, and rb = 16.5µm. The re-
sults are insensitive to the choices of parameters over a broad
range. We consider a small group velocity mismatch in (a)
and (b) by taking Ω2 = Ω = 0.9Ω1, and neglect the linear loss
of mode b± in (c) and (d) (see Appendix B).
Ψ˜s =
(
Ψ˜a+b− + Ψ˜b+a−
)
/
√
2, the Hamiltonian for the
generic model reduces to
H =

2v∆k + V(r)
√
2g 0√
2g v∆k
√
2g
0
√
2g 0

 , (9)
and the state is given by ψ =
(
Ψ˜a+a− , Ψ˜s, Ψ˜b+b−
)T
. As
explained previously, strong interaction can block the ex-
citation of Ψa+,a− , so that photons initially residing in
state |b+, b−〉 can be efficiently transferred to an entan-
gled state |Ψs〉 = (|a+, b−〉+ |b+, a−〉) /
√
2. For the ini-
tial state Ψ˜b+b−(R, r, t = 0) = Ψ0(R, r), the state evolu-
tion is given by Ψ˜s(R, r, t) = −iΨ0(R, r− 2vt) sin(
√
2gt),
and Ψ˜b+b−(R, r, t) = Ψ0(R, r−2vt) cos(
√
2gt), which cor-
responds to a Rabi oscillation between the initial and the
entangled state at an enhanced rate
√
2g, in agreement
with numerical results shown in Fig. 2(c). Thus, starting
with a separable state |b+b−〉, an entangled photon pair
appears with a high fidelity at t = pi/2
√
2g [see Fig. 2(d)].
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FIG. 3. (a) Single photon output efficiency as a function of the
mean photon number N¯ for a coherent state input. The solid
and dashed lines represent the numerical summation results
and the asymptotic solution 1 − pi2/(16N¯), respectively. (b)
Second order correlation functions of the output state for a
weak coherent input at different values of pulse length σ. The
parameters are the same as in Fig. 2(c).
C. Nonlinear beam splitting
The input photonic state (1/
√
n!)
[∫
dzh(z)Ψˆ†b(z)
]n
|0〉
containing no photon in mode a and n copropagating
photons in mode b with identical wavefunction h(z) is
denoted by |0, n〉. The classical linear beam splitting cou-
pling transforms Ψˆb(z) into T Ψˆb(z)+RΨˆa(z), whose out-
put state |ψ(t)〉 =∑m√n!/m!(n−m)!T n−mRm|m,n−
m〉 inevitably includes multi-excitations of mode a.
When a sufficiently strong |V(r)| ≫ g√n is present for
all |r| . σ, multi-excitations are blocked, and the initial
state |0, n〉 is only effectively coupled to |1, n− 1〉, giving
rise to nonlinear beam splitting [see the inset of Fig. 3(a)].
Tracing out mode b, excitation probabilities for the vac-
uum |0a〉〈0a| and single-photon state |1a〉〈1a| are found
to be p0,n = cos
2(
√
ngt) and p1,n = sin
2(
√
ngt), respec-
tively. For an arbitrary incoming state with photon num-
ber distribution probability fn, the single photon excita-
tion probability becomes P1 =
∑
n fnp1,n. For a coherent
input of a mean photon number N¯ (fn = N¯
ne−N¯/n!)
and an operating time t = pi/(2
√
N¯g), we find P1 ≈
1− pi2/(16N¯) when N¯ is large [see Fig. 3(a)].
Such a nonlinear beam splitting can yield efficient sin-
gle photon emission from a classical state. Different from
the Rydberg EIT absorption protocol which always re-
duces the state purity [25], the single-photon quantum
state obtained here is pure for ideal blockade. Its second
order correlation function g(2)(τ) for a weak coherent in-
put state at t = pi/2g is shown in Fig. 3(b). As expected,
the resulting anti-bunching region is distinguished by the
blockade radius rb, and a pulse with σ < rb can thus de-
terministically generate single-photons.
D. Tunable dressed interaction
Although bare interactions remain for photons popu-
lating the interacting two-photon mode, off-resonant cou-
plings with the interacting nonlinear mode can further
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FIG. 4. Dressed interaction induced phase shifts ∆φ = φb −
φn, with φb and φn the phase shift for the blockaded and non-
interacting case, respectively. (a)-(c) show the counterpropa-
gating case with non-adiabatic manipulations. ∆k = 6.25/σ
is used with all other parameters the same as in Fig. 2(c).
At t = 0.71σ/vg , the fidelity reaches 92.69% and 94.72% for
the non-interacting [Fig. 4(b)] and blockaded [Fig. 4(c)] case,
respectively. (d)-(f) show the copropagating case with adi-
batic manipulations, with σ = 6.51µm, ∆k = 13.20/σ, and
g(t)/vg∆k = [tanh(5.78vgt/σ−2.2)−tanh(5.78vgt/σ−4.1)]/4.
At t = 1.09σ/vg , the fidelity becomes 93.04% and 91.45% for
the non-interacting [Fig. 4(e)] and blockaded [Fig. 4(f)] cases,
respectively. In (a) and (d), the solid lines and circles respec-
tively denote analytical and numerical results. In (b), (c), (e),
and (f), the color and the opacity reflect the phase and the
modulus square of the wavefunctions, respectively.
contribute dressed interactions to the noninteracting lin-
ear mode, in the same manner as the Rydberg-dressing
[39, 40]. One particular advantage is that in the block-
ade regime (|V(r < σ)| ≫ g, v∆k), these dressed interac-
tions are uniform within the spread range of the photonic
wavefunction. Its strength for no photon populating the
interacting mode is
Jbb = −v∆k
2
+
√
(v∆k)2 + 4g2−1
2
√
(v∆k)2 + 8g2, (10)
and the strength for only one photon populating the in-
teracting mode is
Jab = −v∆k
2
+
1
2
√
(v∆k)2 + 8g2. (11)
In the blockade regime, the dressed interaction strength
only depends on tunable parameters ∆k and g, which en-
ables the construction of a tunable controlled-phase gate.
Figure 4 presents such a plausible implementation with
Rydberg EIT system, where in Figs. 4(a)-4(c), the inter-
action between two counterpropagating photons initially
in the state |b+, b−〉 is considered. Turning on the cou-
pling g when the two photons enter the blockade region
and turning it off before they leave, a phase accumulation
∆φ can be obtained. For this nonadiabatic manipulation
with moderate dressing (g . v∆k), a high-fidelity gate
requires a suitably controlled operation time. An alterna-
tive choice comes from employing copropagating photons
with adiabatic manipulations [Figs. 4(d)-4(f)], where the
initial state |a, b〉 is kept in one of the dressed state when
g is adiabatically ramped up and down. The wavefunc-
tion Ψab picks up a dynamic phase ∆φ = −
∫
dt′Jab(t′)
when g is arranged to change along a closed path with
no net flux. Comparisons between the non-interacting
calculations [Figs. 4(b) and 4(e)] and the blockaded re-
sults [Figs. 4(c) and 4(f)] clearly demonstrate the dressed
interaction induced phase shifts.
V. SUMMARY
We show linearly coupled photonic systems with long-
range interactions can exhibit coupling blockade for
propagating photons. Several rudimentary quantum in-
formation protocols facilitated by such a blockade are
discussed, including single-photon switching, entangled
photon-pair generation, efficient single-photon emission,
and photonic phase gate. Our proposal can be realized in
photonic waveguide [37] or in atomic vapor [41], and the
detailed experimental requirements taking into account
the linear EIT loss, imperfect blockade, and group veloc-
ity mismatch are discussed in the Appendix D. In addi-
tion to photonic quantum state manipulation and their
possible extensions to quantum information processing,
the mechanism we discuss opens an exciting avenue to-
wards constructing tunable and lossless photon-photon
interactions in quantum nonlinear optics.
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Appendix A: Equations of motion for counterpropagating and copropagating photons
In this section, we provide a detailed derivation of the Schrodinger-like equations for describing the evolution of the
two-photon wavefunctions in the generic model.
In the case of two counterpropagating photons, the model Hamiltonian is described by Eqs. (1)-(3). With the
6commutation relation [Ψµ(z, t),Ψ
†
ν(z
′, t)] = δµνδ(z − z′) for bosonic particles, the Heisenberg equations for the field
operators are given by
∂tΨˆa+(z) = −v+∂zΨˆa+(z)− ig+Ψˆb+(z)ei∆k+z − i
∫
dz′V(z − z′)Ψˆ†a−(z′)Ψˆa−(z′)Ψˆa+(z), (A1)
∂tΨˆb+(z) = −v+∂zΨˆb+(z)− ig+Ψˆa+(z)e−i∆k+z, (A2)
∂tΨˆa−(z) = v−∂zΨˆa−(z)− ig−Ψˆb−(z)ei∆k−z − i
∫
dz′V(z′ − z)Ψˆ†a+(z′)Ψˆa+(z′)Ψˆa−(z), (A3)
∂tΨˆb−(z) = v−∂zΨˆb−(z)− ig−Ψˆa−(z)e−i∆k−z, (A4)
In the Schrodinger picture, the state of the system can be written as
|ψ(t)〉 =
∫∫
dz1dz2Ψa+a−(z1, z2, t)Ψˆ
†
a+(z1)Ψˆ
†
a−(z2)|0〉+
∫∫
dz1dz2Ψa+b−(z1, z2, t)Ψˆ
†
a+(z1)Ψˆ
†
b−
(z2)|0〉
+
∫∫
dz1dz2Ψb+a−(z1, z2, t)Ψˆ
†
b+
(z1)Ψˆ
†
a−(z2)|0〉+
∫∫
dz1dz2Ψb+b−(z1, z2, t)Ψˆ
†
b+
(z1)Ψˆ
†
b−
(z2)|0〉, (A5)
where Ψµ+ν−(z1, z2, t) = 〈0|Ψˆµ+(z1)Ψˆν−(z2)|ψ(t)〉 denotes a two-photon wavefunction. With the Heisenberg equations
(A1)-(A4), the equation of motion for the two-photon wavefunctions becomes
∂tΨa+a− = −v+∂z1Ψa+a− − ig+Ψb+a−ei∆k+z1 + v−∂z2Ψa+a− − ig−Ψa+b−ei∆k−z2 − iV(z1 − z2)Ψa+a− , (A6)
∂tΨa+b− = −v+∂z1Ψa+b− − ig+Ψb+b−ei∆k+z1 + v−∂z2Ψa+b− − ig−Ψa+a−e−i∆k−z2 , (A7)
∂tΨb+a− = −v+∂z1Ψb+a− − ig+Ψa+a−e−i∆k+z1 + v−∂z2Ψb+a− − ig−Ψb+b−ei∆k−z2 , (A8)
∂tΨb+b− = −v+∂z1Ψb+b− − ig+Ψa+b−e−i∆k+z1 + v−∂z2Ψb+b− − ig−Ψb+a−e−i∆k−z2 . (A9)
Transforming the wavefunctions into the rotating frame, according to
Ψa+,a− = Ψ˜a+,a−e
i(∆k+z1+∆k−z2),Ψa+,b− = Ψ˜a+,b−e
i∆k+z1 ,Ψb+,a− = Ψ˜b+,a−e
i∆k−z2 ,Ψb+,b− = Ψ˜b+,b− , (A10)
Eqs. (A6)-(A9) are simplified to
(∂t + v+∂z1 − v−∂z2)


Ψ˜a+a−
Ψ˜a+b−
Ψ˜b+a−
Ψ˜b+b−

 = −i


v+∆k+ − v−∆k− + V(z1 − z2) g− g+ 0
g− v+∆k+ 0 g+
g+ 0 −v−∆k− g−
0 g+ g− 0




Ψ˜a+a−
Ψ˜a+b−
Ψ˜b+a−
Ψ˜b+b−

 . (A11)
Further introducing center-of-mass and relative coordinates R = (v−z1 + v+z2)/(v+ + v−) and ρ = z1 − (v−/v+)z2,
and moving into the retarded time frame with τ = t− ρ/veff and ξ = t, we can obtain Eq. (5) in the main text.
For the case of two copropagating photons, the Hamiltonian of the system is Hˆ = Hˆ0 + Hˆc + Hˆint, where
Hˆ0 =− iv
∫
dzΨˆ†a(z)∂zΨˆa(z)− iv
∫
dzΨˆ†b(z)∂zΨˆb(z), (A12)
Hˆc =
∫
dzgΨˆ†a(z)Ψˆb(z)e
i∆kz +H.c., (A13)
Hˆint =
1
2
∫
dzdz′V(z − z′)Ψˆ†a(z)Ψˆ†a(z′)Ψˆa(z′)Ψˆa(z). (A14)
The state of the system is described by the two-photon wavefunction Ψµν(z1, z2, t) = 〈0|Ψˆµ(z1)Ψˆν(z2)|ψ(t)〉, i.e.,
|ψ(t)〉 =1
2
∫∫
dz1dz2Ψaa(z1, z2, t)Ψˆ
†
a(z1)Ψˆ
†
a(z2)|0〉+
1
2
∫∫
dz1dz2Ψbb(z1, z2, t)Ψˆ
†
b(z1)Ψˆ
†
b(z2)|0〉
+
∫∫
dz1dz2Ψab(z1, z2, t)Ψˆ
†
a(z1)Ψˆ
†
b(z2)|0〉. (A15)
Employing the same procedure as developed for the counterpropagating case, the equations of motion in the moving
and rotating frame can be simplified to
(∂t + v∂R)


Ψ˜aa
Ψ˜ab
Ψ˜ba
Ψ˜bb

 = −i


2v∆k + V(r) g g 0
g v∆k 0 g
g 0 v∆k g
0 g g 0




Ψ˜aa
Ψ˜ab
Ψ˜ba
Ψ˜bb

 . (A16)
7In the calculations, the fidelity Fµν and the phase φµν to the state Uˆ0(t, 0)
∫∫
dz1dz2Ψ0(z1, z2)Ψˆ
†
µ+(z1)Ψˆ
†
ν−(z2)|0〉
is determined by
√Fµνeiφµν =
∫
dz1dz2Ψ
∗
0(z1 − v+t, z2 + v−t)Ψµ+ν−(z1, z2, t), (A17)
for two conterpropagating photons (and analogously for two copropagating photons), where Uˆ0(t, 0) denotes the
noninteracting unitary time-evolution operator, and Ψ0(z1, z2) represents the normalized initial wavefunction (at
t = 0). The fidelity Fs for the symmetric entangled state is obtained by replacing the wavefunction Ψµ+ν−(z1, z2, t)
with 1√
2
[
Ψa+b−(z1, z2, t) + Ψb+a−(z1, z2, t)
]
in Eq. (A17).
Appendix B: Rydberg EIT implementation
In this section, we describe how to map the Rydberg EIT system to the generic model derivated in the previous
section. In a Rydberg EIT system [17], the evolution of light and atomic excitations can be described by bosonic
operators Eˆ†a±(z, t), Pˆ†a±(z), and Sˆ†a±(z), which create a photon, an atomic spin-wave in intermediate state |e〉, and
an atomic spin-wave in Rydberg state |r〉, respectively. We take the dark state polariton to be the interacting mode
a±, i.e., Ψˆa±(z) = cos θEˆa±(z)− sin θSˆa±(z) with tan θ = gp/Ω (see the main text).
To gain the essential physics of the coupling blockade, we first consider the simple case with the target photon
stored in an auxiliary Rydberg state, i.e., we take Ψˆa−(z) = Sˆ−(z). For the photonic coupling scheme, the coupling
between a+ and another linear mode b+ is obtained through photonic coupling term g sec θEˆ†a+(z)Eˆb+(z) + H.c., and
the equations of motion for the field operators are given by
∂tEˆa+(z) = −c∂zEˆa+(z) + igpPˆa+(z)− ig sec θEˆb+(z), (B1)
∂tPˆa+(z) = −γPˆa+(z) + igpEˆa+(z) + iΩSˆa+(z), (B2)
∂tSˆa+(z) = iΩPˆa+(z)− i
∫
dz′V (z − z′)Sˆ†−(z′)Sˆ−(z′)Sˆa+(z), (B3)
∂tEˆb+(z) = −v∂zEˆb+(z)− ig sec θEˆa+(z), (B4)
∂tSˆ−(z) = −i
∫
dz′V (z − z′)Sˆ†a+(z′)Sˆa+(z′)Sˆ−(z). (B5)
In Eq. (B2), we neglect the Langevin noise terms associated with the decay of the field operator Pˆa+(z), since they
do not affect the calculation of the two-photon wavefunction [17]. Introducing the two-particle wavefunction as in
Appendix A, the state |ψ(t)〉 of the system can be described by ψ(z1, z2, t) = (EaS, PaS, SaS,EbS)T with each element
being a two-particle wavefunction component (e.g., EaS = 〈0|Eˆa+(z1)Sˆ−(z2)|ψ(t)〉), whose dynamics are governed by
∂tEaS(z1, z2) = −c∂z1EaS(z1, z2) + igpPaS(z1, z2)− ig sec θEbS(z1, z2), (B6)
∂tPaS(z1, z2) = −γPaS(z1, z2) + igpEaS(z1, z2) + iΩSaS(z1, z2), (B7)
∂tSaS(z1, z2) = iΩPaS(z1, z2)− iV (z2 − z1)SaS(z1, z2), (B8)
∂tEbS(z1, z2) = −v∂z1EbS(z1, z2)− ig sec θEaS(z1, z2). (B9)
In the photonic coupling scheme, the passive modulation of the coupling g is straighforwardly implemented, i.e.,
g = g(z). Thus, we solve Eqs. (B6)-(B9) in the frequency domain by applying the Fourier transform of time t, i.e.,
introducing ψ(z1, z2, ω) =
∫
dteiωtψ(z1, z2, t). Up to the first order of ω, the equations of motion simplify to Eq. (6).
In the blockade region with |V0| ≫ g/v, EbS is only perturbatively coupled with EaS, and the effective dynamics of
EbS is governed by
∂z1EbS = −i
g2
(v2V0)EbS −
v
1 + g2V1/v2V20
∂tEbS. (B10)
Since V0(r) ≈ ig2p/γc for r < zb and V0(r) ≈ 0 for r > zb, [with zb defined by V (zb) = Ω2/γ], coupling blockade in
this case requires g2p/γc≫ g/v, and the blockade range is characterized by the EIT blockade radius zb.
For the atomic coupling scheme, the dynamics of the system shown in Fig. 1(d) in the main text can be described
by the field operators Eˆ†a+(z), Pˆ†a+(z), Sˆ†a+(z), Eˆ†b+(z), Pˆ
†
b+
(z), and Sˆ†b+(z), which create a photon with polarization a,
8an atomic spin-wave in intermediate state |e−〉, an atomic spin-wave in Rydberg state |r〉, a photon with polarization
b, an atomic spin-wave in intermediate state |e+〉, and an atomic spin-wave in ground state |d〉. The coupling between
the nonlinear DSP Ψˆa+(z) = cos θ1Eˆa+(z) − sin θ1Sˆa+(z) and the linear DSP Ψˆb+(z) = cos θ2Eˆb+(z) − sin θ2Sˆb+(z)
is obtained through atomic coupling term g csc θ1 csc θ2Sˆ†a+(z)Sˆb+(z) + H.c. with tan θ1 = gp/Ω1 and tan θ2 = gp/Ω2
(assuming |e+〉 and |e−〉 are of the same hyperfine manifold). The dynamics of these operators are governed by
∂tEˆa+(z) = −c∂zEˆa+(z) + igpPˆa+(z), (B11)
∂tPˆa+(z) = −γPˆa+(z) + igpEˆa+(z) + iΩ1Sˆa+(z), (B12)
∂tSˆa+(z) = iΩ1Pˆa+(z)− ig csc θ1 csc θ2Sˆb+(z, t)− i
∫
dz′V (z − z′)Sˆ†−(z′)Sˆ−(z′)Sˆa+(z), (B13)
∂tEˆb+(z) = −c∂zEˆb+(z) + igpPˆb+(z), (B14)
∂tPˆb+(z) = −γPˆb+(z) + igpEˆb+(z) + iΩ2Sˆb+(z), (B15)
∂tSˆb+(z) = iΩ2Pˆb+ − ig csc θ1 csc θ2Sˆa+(z, t), (B16)
∂tSˆ−(z) = −i
∫
dz′V (z − z′)Sˆ†a+(z′)Sˆa+(z′)Sˆ−(z), (B17)
and the corresponding equations of motion for the two-particle wavefunction are given by
∂tEaS(z1, z2) = −c∂z1EaS(z1, z2) + igpPaS(z1, z2), (B18)
∂tPaS(z1, z2) = −γPaS(z1, z2) + igpEaS(z1, z2) + iΩ1SaS(z1, z2), (B19)
∂tSaS(z1, z2) = iΩ1PaS(z1, z2)− ig csc θ1 csc θ2SbS(z1, z2)− iV (z2 − z1)SaS(z1, z2), (B20)
∂tEbS(z1, z2) = −c∂z1EbS(z1, z2) + igpPbS(z1, z2), (B21)
∂tPbS(z1, z2) = −γPbS(z1, z2) + igpEbS(z1, z2) + iΩ2SbS(z1, z2), (B22)
∂tSbS(z1, z2) = iΩ2PbS(z1, z2)− ig csc θ1 csc θ2SaS(z1, z2). (B23)
In the atomic coupling scheme, the active modulation of the coupling g is available, i.e., g = g(t). Thus, we can
solve Eqs. (B18)-(B23) in the momentum space by applying the Fourier transform ψ(k, z2, t) =
∫
dz1e
−ikz1ψ(z1, z2, t).
Following Ref. [8], we set V as a constant to see how the blockade works in this case, while in the numerical simulation
V is taken to be position-dependent rigorously. Introducing the bright state polaritons (BSPs) Φˆa+(z) = sin θ1Eˆa+(z)+
cos θ1Sˆa+(z) and Φˆb+(z) = sin θ2Eˆb+(z) + cos θ2Sˆb+(z), the evolution of the two-photon wavefunction ψ(z1, z2, t) =
(ΨaS,ΦaS, PaS,ΨbS,ΦbS, PbS)
T in k-space is governed by i∂tψ = Hψ, with H given by
H =


ck cos2 θ1 + V sin
2 θ1 sin θ1 cos θ1(ck − V ) 0 g −g cot θ2 0
sin θ1 cos θ1(ck − V ) ck sin2 θ1 + V cos2 θ1 −
√
g2p +Ω
2
1 −g cot θ1 g cot θ1 cot θ2 0
0 −
√
g2p +Ω
2
1 −iγ 0 0 0
g −g cot θ1 0 ck cos2 θ2 ck sin θ2 cos θ2 0
−g cot θ2 g cot θ1 cot θ2 0 ck sin θ2 cos θ2 ck sin2 θ2 −
√
g2p +Ω
2
2
0 0 0 0 −
√
g2p +Ω
2
2 −iγ


.
(B24)
In the above, the small coupling −g cot θ2 between ΨaS and (ΦbS, PbS) can be neglected in the slow-light regime
(cos θ1/2 ≪ 1), and ΨbS decouples with (ΦbS, PbS) up to the first order of k. Thus, (ΦbS, PbS) can be dropped out
of the dynamics if we neglect the linear loss of Ψˆb+(z), and the corresponding equations of motion reduce to
i∂t
(
ψˆ
ΨbS
)
=
(Vˆ(k) + kvˆ gˆ
gˆ† kc cos2 θ2
)(
ψˆ
ΨbS
)
, (B25)
where ψˆ = (ΨaS,ΦaS, PaS)
T , gˆ = (g,−g cot θ1, 0)T , vˆ = diag(c cos2 θ1, c sin2 θ1, 0), and the effective potential Vˆ(k) is
Vˆ(k) =


ck cos2 θ1 + V sin
2 θ1 sin θ1 cos θ1(ck − V ) 0
sin θ1 cos θ1(ck − V ) ck sin2 θ1 + V cos2 θ1 −
√
g2p +Ω
2
1
0 −
√
g2p +Ω
2
1 −iγ

 . (B26)
For the noninteracting case (V = 0), Ψa decouples with
(ΦaS, PaS) up to the first order of k, and the coupling
between ΨbS and (ΦaS, PaS) is negligible in the slow-
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FIG. 5. (a) Weight of the ΨbS component in the modified
eigen state ΨbS
′ with k = 0.5/σ. (b) and (c) show the disper-
sion relation of the modified eigen state ΨbS
′, in which (b)
displays the real part of the eigen frequency ω and (c) plots
the imaginary part of ω (at r = 0.8rb). The parameters are
the same as in Fig. 2 in the main text.
light regime, so that Eq. (B25) can be simplified to
i∂t
(
ΨaS
ΨbS
)
=
(
kc cos2 θ1 g
g kc cos2 θ2
)(
ΨaS
ΨbS
)
. (B27)
For the interacting case (V 6= 0), Vˆ(k) is not diagonal,
and the DSP field ΨaS is strongly coupled with ΦaS and
PaS at V ≈ −g2p/(ck), which induces strong dissipative
dyanmics of ΨaS. In general, the coupling between ΨbS
and ψˆ can be characterized by the modified eigen state
ΨbS
′ through exact diagonalization (ED) of the Hamilto-
nian in Eq. (B25), which is a linear superposition of ΨbS
and ψˆ, i.e., ΨbS
′ = sinβΨbS + cosβwˆ†ψˆ, with wˆ being
a weight matrix. The ideal blockade requires sinβ ≈ 1,
and a smaller sinβ indicates a less effective blockade. In
the slow-light regime, the eigen energy of ΨaS is char-
acterized by V = V sin2 θ1, and thus the weight can be
approximately expressed as
sin2 β ≈ 1− 2(g/V)
2
1 + (2g/V)2 +√1 + (2g/V)2 , (B28)
which is verified by rigorous results from ED [see
Fig. 5(a)]. With Eq. (B28), we can introduce the cou-
pling blockade radius rb defined as V(rb) = 2g, at which
we have sinβ ≈ 0.9. Such a blockade radius characterizes
the effective blockade range, i.e., the coupling of ΨbS to ψˆ
can be effectively blockaded for |r| < rb region. Different
from spatial modulation, the perturbative coupling with
the interacting space induces negligible modifications of
ΨbS inside the blockade radius rb. This is verified by
the dispersion relation of the modified eigen state ΨbS
′
shown in Figs. 5(b) and 5(c), as the group velocity is
rarely changed and the dissipation is negligible during
the operation time (∼ g−1).
Next, we consider the interaction between two prop-
agating photons. We take counterpropagating photons
with atomic coupling scheme as an example, while the
generalization to the copropagating case and photonic
coupling scheme is straightforward. For simplicity, we
drop the field operators Φˆb±(z) and Pˆb±(z) out of the
dynamics. As explained previously, this corresponds to
neglecting the linear loss of Ψˆb±(z), which is valid as long
as the linear loss is small during the operation time. In
this case, the equations of motion for the field operators
are given by
∂tEˆa+(z) = −c∂zEˆa+(z) + igpPˆa+(z), (B29)
∂tPˆa+(z) = −γPˆa+(z) + igEˆa+(z) + iΩSˆa+(z), (B30)
∂tSˆa+(z) = iΩPˆa+(z)− ig′+Ψˆb+(z)− iδSˆa+(z)
− i
∫
dz′V (r)Sˆ†a− (z′)Sˆa−(z′)Sˆa+(z), (B31)
∂tΨˆb+(z) = −v∂zΨˆb+(z)− ig′+Sˆa+(z), (B32)
∂tEˆa−(z) = c∂zEˆa−(z) + igpPˆa−(z), (B33)
∂tPˆa−(z) = −γPˆa−(z) + igEˆa−(z) + iΩSˆa−(z), (B34)
∂tSˆa−(z) = iΩPˆa−(z)− ig′−Ψˆb−(z)− iδSˆa−(z)
− i
∫
dz′V (r)Sˆ†a+ (z′)Sˆa+(z′)Sˆa−(z), (B35)
∂tΨˆb−(z) = v∂zΨˆb−(z)− ig′−Sˆa−(z), (B36)
where g′± = g± csc θ1, δ is the two-photon detuning
(∆k± = δ/v), and v = c cos2 θ represents the group
velocity of the linear DSP field. Introducing the two-
particle wavefunction, the state |ψ(t)〉 of the system can
be described by
ψ(z1, z2, t) = (EE,EP,ES,EB, PE, PP, PS, PB, SA, SP, SS, SB,BE,BP,BS,BB)
T , (B37)
with each element being a two-particle wavefunction component (e.g., BS = 〈0|Ψˆb+(z1)Sˆ−(z2)|ψ(t)〉). The equation
of motion is determined by i∂tψ(z1, z2, t) = H(z1, z2, t)ψ(z1, z2, t), where the effective Hamiltonian H is given by
H =


−ic∂z1 −gp 0 0
−gp −iγ −Ω 0
0 −Ω δ g′+
0 0 g′+ −iv∂z1

⊗


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

+


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

⊗


ic∂z2 −gp 0 0
−gp −iγ −Ω 0
0 −Ω δ g′−
0 0 g′− iv∂z2

+V (z1−z2)Σ†Σ, (B38)
with Σ = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0). All numerical results presented in the main text are based on solving
this 16× 16 partial differential equation set with a Gaussian initial pulse.
Appendix C: Comparison between spatial and
temporal modulations of the coupling constant
In this section, we clarify several differences between
spatial [g(z) = g for −L/2 < z < L/2] and tempo-
ral [g(t) = g for −T/2 < t < T/2] modulations of the
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FIG. 6. (a) Illustration of spatial and temporal modulations of the coupling. (b) Illustration of the interaction induced
momentum-mismatch coupling. (c) Illustration of the interaction induced energy-nonresonance coupling. (d) Illustration of the
coupling region in the spatial modulation case.
coupling. Spatial modulation is straightforwardly im-
plemented in the photonic coupling scheme [see the up-
per panel of Fig. 6(a)], while temporal modulation can
be achieved by varying the intensity of the control field
in the atomic coupling scheme [see the lower panel of
Fig. 6(a)]. The temporal modulation of g can also be re-
alized in the photonic coupling scheme by adopting pho-
tonic transition approach [42] or photonic Raman pro-
cess [43], with the coupling controlled by refraction index
modulation.
In fact, for spatial modulation of the coupling con-
stant, the momentum (wave-vector) of the photon is
not conserved, while the energy (frequency) of the pho-
ton remains conserved. The situation is reversed for
temporal modulation. Thus, for spatial modulation,
the coupling blockade originates from interaction in-
duced large momentum mismatch [see Fig. 6(b)], i.e.,
|g2p/γc(1−iΩ2/γV )| ≫ g/v. In this case, perfect blockade
requires the compressed length of the stored gate excita-
tion to be smaller than the EIT blockade radius zb and
the coupling region L < 2zb. For temporal modulation,
coupling blockade occurs if the interaction induced en-
ergy shift V sin2 θ (in the frequency dimension) is much
larger than the coupling g [see Fig. 6(c)], and perfect
blockade requires σ + 12vT < rb with σ the same com-
pressed length of the target and gate photon.
Spatial modulation assisted coupling blockade can also
be used for single-photon switching, but is not suitable
for applications including entanglement generation or
quantum beam splitting unless σ ≪ L. This is due to
the nonlocal property of the photon. Taking two counter
propagating photons as an example, for the coupling re-
gion of length L [as shown in Fig. 6(d)], the separable
two-photon wavefunction is coupled with entangled wave-
function only when {(−L/2 < z1 < L/2)||(−L/2 < z2 <
L/2)} (the pink region). For the wavefunction along path
I, the initial separable two-photon wavefunction can be
efficiently transformed to entangled state, while the wave-
function along path II propagates in regions where only
one photon feels the nonzero couplings (gray region) for
most of the time and thus entanglement cannot be effi-
ciently generated.
Appendix D: Experimental considerations
In this section, we discuss necessary conditions for the
experimental observation of our proposed scheme, mainly
concerning by the trade-off between ideal blockade and
linear EIT loss.
For DSPs with compressed pulse length σ and group
velocity vg, the bandwidth of the signal is ∆ω ≈ vg/σ.
The loss caused by finite EIT transparency window con-
tains two parts: the loss during the conversion between
free space photon and DSPs over the length scale σ; and
the loss during the operation time g−1 over the length
scale vg/g, which are respectively given by
ξ = (∆ω)2
γg2p
cΩ4
× σ, η = (∆ω)2 γg
2
p
cΩ4
× vg
g
. (D1)
The above equation together with the introduction of
coupling blockade radius rb defined by C6/r
2
b = 2g and
EIT blockade radius zb defined by C6/z
2
b = Ω
2/γ yield
σ = γc/(g2pξ) and rb = (η/2ξ
2)1/6zb, which gives
rb/σ = (ξ)
2/3(η/2)1/6 × db, (D2)
where db = g
2
p/(γc)zb characterizes the usual blockade
optical depth [17].
As mentioned in the main text, ideal coupling blockade
requires rb > σ. Thus, for a fixed blockade optical depth
db, Eq. (D2) indicates that there is a trade-off between
the ratio rb/σ and the linear EIT loss ξ+ η, i.e., less loss
would lead to worse blockade. In fact, a large optical
depth db can reduce the loss to acceptable values while
keeping the coupling blockade nearly perfect, e.g., for
ξ = 5% and η = 3%, db = 15 can ensure rb > σ.
Restricting η to be 2.5%, we plot the operation fidelity
Fs of the produced entangled state (see Sec. IVB) versus
the linear EIT loss ξ for different blockade optical depth.
As shown in Fig. 7(a), the increase of the linear EIT loss
results in a better operation fidelity (the fidelity during
the operation process, not the total fidelity), and a higher
db yields a higher Fs for a fixed linear EIT loss. Thus,
to achieve a high total fidelity, a higher blockade optical
depth is preferred. The increase of blockade optical depth
db can be achieved by using higher-lying Rydberg states,
increasing the atomic density, and reducing the trans-
verse area of the photonic mode. In the main text, we
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FIG. 7. (a) Fidelity of the generated symmetric entangled
state versus linear EIT loss for the indicated value of blockade
optical depth. (b) Oscillation of the fidelity Fs for different
group velocity mismatches.
use a large coupling constant gp = 20 GHz, correspond-
ing to db = 38.46. Such a strong atom-photon coupling
can be achieved by using a Bose-Einstein condenstate
with an atomic density N ∼ 1014cm−3.
Another requirement arises from the finite life time τr
of the Rydberg state. To ensure nearly lossless Rydberg
excitation, the time duration for propagation inside the
atomic ensemble should be much smaller than τr, i.e., t ∼
σ/vg+1/g = (1/ξ+η/ξ
2)γ/Ω2 ≪ τr. For γ/2pi = 3 MHz
and Ω/2pi = 5 MHz used in the main text, ξ = 5% and
η = 3% gives t ≈ 0.6 µs, which meets the requirement as
it is shorter than the typical life time τr of the Rydberg
polariton (usually up to several microseconds [10]).
We also consider the influence of the group velocity
mismatch on the blockade effect. The group velocity mis-
match between the dark state polariton Ψˆa±(z) [group
velocity being vg = cΩ
2/(g2p + Ω
2)] and linear light po-
lariton Ψˆb±(z) (group velocity being v) is defined as
∆v = v−vg. Intuitively, the influence of the group veloc-
ity mismatch is determined by the quantity ∆vt/σ, i.e.,
a larger ∆vt/σ suggests a larger separation of the pho-
tonic wavefunction in different modes. We plot Fs for
different values of v [other parameters are the same as in
Fig. 2(c) in the main text] in Fig. 7(b). If ∆v/gσ ≪ 1
is satisfied, the oscillation visibility remains high during
the operation time t ∼ 1/g.
For the single-photon switching in the photonic cou-
pling scheme (spatial modulation case), we only need the
stored gate photon to be compressed (σ < zb), and the
bandwidth of the target photon can be chosen well within
the EIT transparency window. In this case, choosing
L = 2zb and gL/v = pi/2, the switching fidelity is ap-
proximately given by Fswitch ≈ exp(−2g2γc/g2pv2L) =
exp(−pi2/4db) ≈ 1 − pi2/4db. Such a quantum switching
fidelity has the same scaling on db as in the novel polari-
ton switching scheme recently proposed [27]. Although
the fidelity of our scheme is slightly smaller than [27] in
the small db region, our scheme possesses a larger band-
width in the large db region, as the bandwidth of the
target photon is not reduced by the strong interaction in
the coupling blockade scheme.
For the atomic coupling scheme, we provide here a pos-
sible choice of level structures for 87Rb atoms. In the
scheme, one can choose |e+〉 = |5P3/2, F = 2,mF = 1〉,
|e−〉 = |5P3/2, F = 2,mF = −1〉, |g〉 = |5S1/2, F =
1,mF = 0〉, |d〉 = |5S1/2, F = 2,mF = 0〉, and |r〉 =
|nS1/2, J = 1/2,mJ = −1/2〉. The coupling Ωc between
|d〉 and |r〉 can be constructed using a two-photon pro-
cess with an intermediate state |5P1/2, F = 1,mF = −1〉.
The z-direction wave-vectors k1, k2, and kc of the con-
trol field Ω1, Ω2, and Ωc should be tuned to satisfy the
phase-matching condition k1 + k2 − kc = k − k	.
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